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Abstract  Multi- walled  carbon  nanotubes  (MWCNTs) 
are  functionalized  at  the  sp2  C-H  defect  sites  with 
3,4-diaminobenzoic  acid  by  a  “direct”  Friedel-Crafts 
acylation  reaction  in  a  mild  poly  phosphoric  acid/ 
phosphorous  pentoxide  medium.  Owing  to  enhanced 
surface  polarity,  the  resulting  3,4-diaminobenzoyl- 
functionalized  MWCNTs  (DAB-MWCNT)  are  highly 
dispersible  in  polar  solvents,  such  as  ethanol, 
A-methyl-2-pyrrolidone,  and  methane  sulfonic  acid. 
The  absorption  and  emission  properties  of  DAB- 
MWCNT  in  solution  state  are  qualitatively  shown  to 
be  sensitive  to  the  pH  in  the  environment.  The  DAB- 
MWCNT  is  used  as  a  stable  platform  on  which  to 
deposit  platinum  nanoparticles  (PNP).  The  PNP/DAB- 
MWCNT  hybrid  displays  high  electrocatalytic  activity 
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with  good  electrochemical  stability  for  an  oxygen 
reduction  reaction  under  an  alkaline  condition. 
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Introduction 

Carbon  nanotubes  (CNTs)  have  attracted  a  lot  of 
attention  because  of  their  excellent  mechanical,  ther¬ 
mal,  and  electrical  properties,  and  chemical  stability, 
stemming  from  their  unique  elongated  fullerene 
structure  (Tasis  et  al.  2006).  CNTs  are  good  candidates 
as  advanced  materials  such  as  nanoscale  reinforcing 
additives  (Carneiro  et  al.  1998)  and  catalytic  supports 
(Lee  et  al.  2005;  Shi  et  al.  2009;  Alexeyeva  et  al. 
2010).  More  recently,  in  a  research  directed  to 
combine  the  advantages  of  CNTs  and  metal  nanopar¬ 
ticles,  various  approaches  to  generating  such  hybrid 
systems  have  been  reported,  such  as  physical  evapo¬ 
ration  (Yu  et  al.  1998),  thermal  reduction  of  adsorbed 
metal  salts  under  H2  atmosphere  (Xue  et  al.  2001), 
“wet”  reduction  of  metal  salts  adsorbed  on  surface- 
oxidized  CNTs  (Li  et  al.  2003),  redox  reaction 
between  metal  ions  and  reduced  CNT  (Lorenc  on 
et  al.  2009),  nanoscale  electroless  metal  deposition 
process  (Li  et  al.  1998),  and  assembly  of  CNT-metal 
nanoparticle  hybrids  using  biointerfaces  (Kim  et  al. 
2010).  Among  these  options,  the  deposition  of 
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nanoparticles  onto  the  surface-functionalized  CNTs  is 
perhaps  the  most  reliable  for  performance,  reproduc¬ 
ibility,  and  scalability  (Xue  et  al.  2001;  Li  et  al.  2003; 
Lorenc  on  et  al.  2009).  The  dispersion  and  function¬ 
alization  of  raw  CNTs  have  been  typically  carried  out 
by  sonication  (Shaffer  and  Windle  1999;  Chen  et  al. 
2000)  in  strong  acids  such  as  sulfuric  acid  and  nitric 
acid  (Sun  et  al.  2002;  Dai  and  Mau  2001;  Hirsch 
2002),  or  sonication  in  strong  acid  mixtures  (Li  et  al. 
2003;  Zhang  et  al.  2000;  Huang  et  al.  2002).  However, 
it  is  generally  known  that  such  treatments  could  result 
in  structural  damage  to  the  CNTs  (Heller  et  al.  2005). 
As  a  result,  the  CNTs  would  lose  valuable  character¬ 
istics  such  as  their  electrical  properties  and  structural 
integrity  after  introducing  various  oxygenated  groups 
into  their  framework.  The  oxidized  defects  on  the 
CNTs  are  probable  sites  for  deactivation  of  transition 
metal  catalysts  (Wildgoose  et  al.  2006).  Hence,  the 
development  of  a  simple  and  benign  process  for 
functionalization  becomes  more  important  for  the 
CNTs  without  and/or  with  minimal  damages  (Han 
et  al.  2008;  Lee  et  al.  2008). 

We  have  developed  a  non-oxidizing  and  less 
destructive  method  that  combines  purification  and 
functionalization  of  carbon-based  nanomaterials  in 
a  single-pot  process  utilizing  polyphosphoric  acid 
(PPA)  with  additional  phosphorous  pentoxide  (P2O5), 
which  plays  the  roles  of  a  solvating/dispersing 
medium  and  a  Bronsted  catalyst  for  Friedel-Crafts 
acylation  of  carbon  nanomaterials  (Baek  et  al.  2004). 
PPA  is  a  polymeric  form  of  phosphoric  acid  (H3PO4, 
pKa  ~  2.1),  which  is  less  corrosive  and  practically 
non-oxidizing  as  compared  with  commonly  used 
strong  acids  (HN03,  pKa  ~  —1.3;  H2S04,  pKa  ~ 
—3.0).  Commercial  grade  PPA  (83%  P205  assay)  has 
been  used  as  a  polymerization  medium  for  the 
synthesis  of  high-performance  polybenzazoles 
(PBXs)  (Eo  et  al.  2008;  Wolfe  1988).  If  the  purifica¬ 
tion  and  functionalization  of  CNTs  could  be  achieved 
in  a  non-destructive  and  one-pot  fashion,  then  it  would 
be  an  ideal  system  to  exploit. 

In  this  study,  multi-walled  carbon  nanotubes 
(MWCNTs)  were  functionalized  with  3,4-diamino- 
benzoic  acid  (DAB A)  via  “direct”  Friedel-Crafts 
acylation  reaction  to  produce  covalently  3,4-diamino- 
benzoyl-functionalized  MWCNT  (DAB-MWCNT). 
Platinum  nanoparticle  (PNP),  is  a  known  catalyst  for 
hydrogenation  and  Heck  reactions  that  can  bind 
strongly  amine  groups  (Mandal  et  al.  2004).  It  is 


believed  that  PNP  can  be  stably  anchored  to  DAB- 
MWCNT  without  agglomeration.  Thus,  the  resulting 
PNP/DAB -MWCNT  hybrid  is  expected  to  have  high 
electrocatalytic  performance  with  good  electrochem¬ 
ical  stability. 


Experimental 

Materials 

All  reagents  and  solvents  were  purchased  from 
Aldrich  Chemical  Inc.,  USA  and  were  used  as 
received,  unless  otherwise  specified.  MWCNT  (CVD 
MWCNT  95  with  a  diameter  of  ~  20  nm  and  a  length 
of  10-50  pm)  was  obtained  from  Hanwaha  Nanotech 
Co.,  LTD,  Seoul,  Korea.  The  commercial  grade 
platinum  on  the  activated  carbon  catalyst  (Pt/C, 
C2-20,  20%  HP  Pt  on  Vulcan  XC-72R,  E-TEK 
Division,  PE-MEAS  Fuel  Cell  Technologies)  was 
provided  by  BASF  Fuel  Cell. 

Instrumentation 

The  Fourier- transform  infrared  (FT-IR)  spectra  were 
recorded  on  a  Jasco  FT-IR  480  plus  spectrophotom¬ 
eter.  Solid  samples  were  imbedded  in  KBr  disks. 
Elemental  analysis  (EA)  was  performed  using  a  CE 
Instrument  EA1110.  Thermogravimetric  analysis 
(TGA)  was  conducted  in  an  air  atmosphere  with  a 
heating  rate  of  10  °C-min_1  using  a  TA  Q200.  Wide- 
angle  X-ray  diffraction  (WAXD)  powder  patterns 
were  recorded  using  a  Rigaku  RU-200  diffractometer 
applying  Ni-filtered  Cu  Ka  radiation  (40  kV,  100  mA, 
X  —  0.15418  nm).  The  field  emission  scanning  elec¬ 
tron  microscopy  (FE-SEM)  used  in  this  study  was 
performed  using  an  FEI  NanoSem  230.  High-resolu¬ 
tion  transmission  electron  microscopy  (HR-TEM)  in 
this  study  was  performed  using  a  JEOL  JEM-21  OOF 
(Cs)  operating  at  200  kV.  Photoluminescence  mea¬ 
surements  were  performed  using  a  Perkin-Elmer  LS 
55  fluorescence  spectrometer.  Stock  solutions  were 
prepared  by  dissolving  20  mg  of  each  sample  in  5  mL 
(4  mg-mL-1)  of  methanesulfonic  acid  (MSA)  or  N- 
methyl-2-pyrrolidone  (NMP).  The  excitation  wave¬ 
length  was  that  of  the  UV  absorption  maximum  of 
each  sample. 

For  electrochemical  measurements,  cyclic  voltam¬ 
metry  (CV)  was  carried  out  using  a  VersaSTAT3 
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AMETEK  model  (Princeton  Applied  Research,  TN, 
USA)  potentiostat/galvanostat  employing  a  standard 
three-electrode  electrochemical  cell.  This  consisted  of 
samples  on  glassy  carbon  (GC)  with  a  diameter  of  3 
mm  as  the  working  electrode,  an  Ag/AgCl  (saturated 
KC1)  reference  electrode,  and  platinum  gauze  as  the 
counter  electrode.  Experiments  were  carried  out  at 
room  temperature  in  a  0. 1  M  aqueous  KOH  electrolyte 
solution.  Either  nitrogen  or  oxygen  gas  was  used  to 
purge  the  solution  to  achieve  an  oxygen-free  or  an 
oxygen- saturated  electrolyte  solution,  respectively. 
All  potentials  are  reported  relative  to  an  Ag/AgCl 
(saturated  KC1)  reference  electrode  recorded  at  a  scan 
rate  of  10  mV-s-1.  The  potential  window  for  cycling 
was  confined  between  —1.0  V  and  +0.2  V  in  a  basic 
electrolyte  to  omit  the  extra  current  generated  by 
samples  in  the  alkaline  medium.  The  GC  electrode 
was  polished  with  alumina  slurry  before  use  to  obtain  a 
mirror-like  surface.  Samples  (2.0  mg)  were  dispersed 
in  NMP  (0.2  mL),  and  aliquots  of  the  suspension 
(10  pL)  were  coated  on  GC  electrodes  and  dried  under 
reduced  pressure  (0.5-mm  Hg)  for  24  h  at  50  °C. 
Nation  (5%,  5  pL)  in  ethanol  was  pipetted  onto  the 
sample/GC  electrode  and  allowed  to  dry  at  laboratory 
conditions  for  2  h.  Electrodes  for  rotating  disk  elec¬ 
trode  (RDE)  voltammogram  measurements  were 
prepared  ona  3  mm  diameter  GC  disk  electrode 
(ALS,  Japan). 

Synthesis  of  3,4-diaminobenzoyl-functionalized 
MWCNT  (DAB-MWCNT) 

3,4-Diaminobenzoic  acid  (5.0  g,  31.02  mmol), 
MWCNT  (5.0  g),  PPA  (83%  P205  assay;  200.0  g) 
and  P205  (40.0  g)  were  placed  in  a  250-mL  resin  flask 
equipped  with  a  high  torque  mechanical  stirrer, 
nitrogen  inlet  and  outlet,  and  stirred  under  dry  nitrogen 
purge  at  80  °C  for  1  h.  The  temperature  was  increased 
incrementally  to  100  °C  over  1  h.  Then,  the  reaction 
mixture  was  stirred  at  130  °C  for  an  additional  72  h. 
At  the  end  of  the  reaction,  the  mixture  was  cooled  to 
room  temperature,  and  distilled  water  was  added.  The 
precipitates  were  isolated  and  Soxhlet-extracted  with 
water  for  3  days  to  completely  remove  the  reaction 
medium  and  then  with  methanol  for  three  more  days  to 
remove  other  possible  impurities.  The  final  product 
was  freeze-dried  under  reduced  pressure  (0.05  mm 
Hg)  for  48  h  producing  9.3  g  (98%)  of  black  lump  of 


DAB-MWCNT,  which  could  be  easily  broken  up. 
Found:  C,  79.17%;  H,  1.93%;  N,  8.31%,  and  O, 
5.67%. 

Preparation  of  thin  DAB-MWCNT  paper 
via  solution  casting 

Film  was  cast  from  DAB-MWCNT  (1.0  g)  dispersed 
in  MSA,  20  mL.  The  resultant  homogeneous  solution 
was  cast  on  a  leveled  glass  plate  in  a  custom-made 
film-casting  apparatus.  MSA  was  slowly  removed  by 
heating  the  apparatus  to  80  °C  under  reduced  pressure 
(0.05  mm  Hg).  The  resultant  film  was  removed  from 
the  glass  plate  after  immersion  in  distilled  water.  The 
free-standing  films  were  sandwiched  between  Teflon 
membranes  to  keep  them  pressed,  and  then  kept  under 
distilled  water  for  4  days.  The  film  was  further 
Soxhlet-extracted  with  water  for  3  days  and  then 
methanol  for  an  additional  3  days  to  ensure  complete 
removal  of  residual  MSA.  FT-IR  spectra  of  the  DAB- 
MWCNT  film  were  obtained  from  a  crushed  sample 
that  was  imbedded  in  KBr  pellet  and  showed  that  there 
was  no  trace  of  residual  MSA  by  judging  the  absence 
of  v(S02)  for  MSA  at  1,202  (symmetric  stretching) 
and  1,403  (asymmetric  stretching)  cm-1.  The  average 
DC  conductivity  of  the  cast  film  was  280  ±  8  S  m1. 

In  situ  synthesis  of  PNP/DAB -MWCNT  hybrid 

The  PNP  was  prepared  according  to  the  procedure 
described  by  Ahmadi  et  al.  (1996).  In  short,  an 
aqueous  solution,  containing  18.4  mL  of  DI  water, 
0.5  mL  of  an  aqueous  0.05  M  H2PtCl6-6H20  solution, 
and  0.5  mL  of  an  aqueous  0.05  M  trisodium  citrate 
solution,  was  mixed  in  a  conical  flask.  To  this  solution, 
an  ice-cold  aqueous  solution  (0.6  mL)  containing 
0.1  M  NaBH4  was  added  in  one  portion  under 
vigorous  magnetic  stirring.  The  solution  turned  red 
immediately  after  the  addition  of  the  NaBH4  solution, 
indicating  PNP’s  formation.  DAB-MWCNT  (50  mg) 
was  dispersed  in  30  mL  of  ethanol  by  ultrasonic 
agitation  for  3  min.  Then  black  suspension  was  added 
to  the  solution  containing  platinum  colloids  (20  mg)  at 
room  temperature.  After  stirring  for  24  h,  PNP/DAB  - 
MWCNT  hybrids  were  collected  through  filtration, 
washed  with  water  several  times,  and  completely  dried 
under  reduced  pressure  (0.05  mm  Hg)  at  100  °C  for 
24  h. 
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The  procedures  of  GC  electrode  pretreatment  and 
modification  are  described  as  follows:  before  use,  the 
working  electrode  was  polished  with  alumina  slurry  to 
obtain  a  mirror-like  surface  and  then  washed  with  DI 
water  and  allowed  to  dry.  The  samples  (1  mg)  were 
dispersed  in  1  mL  solvent  mixture  of  Nation  (5%)  and 
EtOH/water  (v/v  =  1:9)  by  sonication.  Each  sample 
suspension  (5  pi)  was  pipetted  on  the  GC  electrode 
surface,  followed  by  drying  at  room  temperature. 

Results  and  discussion 

Synthesis  of  DAB-MWCNT 

Table  1  summarizes  the  EA  results.  The  hydrogen 
content  of  a  multi- walled  carbon  nano  tube  (MWCNT) 
is  0.30  wt%.  The  maximum  possible  ratio  of  hydro¬ 
gen/carbon  (H/C)  is  approximately  1/27,  which 
explains  the  existence  of  sp2C-H  on  the  tube  defects. 
Similar  to  the  electrophilic  substitution  reaction  of 
benzene,  the  available  sp2C-H  is  the  site  for  the 
Friedel-Crafts  acylation  reaction  of  MWNCT.  Thus, 
DAB-MWCNT  could  be  prepared  from  the  reaction 
between  DABA  and  MWCNT  in  a  mild  PPA/P205 


medium  (Fig.  1)  (Lee  et  al.  2008).  Detailed  reaction 
mechanisms  are  described  in  the  Electronic  Support¬ 
ing  Information  (ESI,  Fig.  SI).  The  advantage  of  the 
reaction  medium  is  that  it  is  non-destructive,  but 
strong  enough  for  efficient  functionalization  compared 
with  typical  functionalization  by  destructive  oxidation 
in  nitric  acid/sulfuric  acid  mixtures  (Hu  et  al.  2003). 
The  elemental  contents  of  DAB-MWCNT  from  EA 
are  consistent  with  theoretical  and  experimental 
values  (Table  1). 

In  order  to  verify  the  structure  of  DAB-MWCNT, 
FT-IR  spectroscopy  was  commonly  used  as  a  conve¬ 
nient  tool  to  trace  the  chemical  modification  of  carbon 
nanomaterials  (Baek  et  al.  2004).  Since  CNTs  strongly 
absorb  infrared  light,  samples  have  to  be  carefully 
prepared  to  collect  reliable  spectra.  The  thinner  KBr 
window  gives  better  resolution.  While  MWCNT 
shows  a  featureless  spectrum  (Fig.  2a),  DAB- 
MWCNT  displays  a  strong  ketone  carbonyl  (C=0) 
stretching  band  at  1,639  cm-1.  In  addition,  DAB- 
MWCNT  also  displays  distinct  C-N  stretching  band  at 
1,385  cm-1.  Although  the  N-H  stretching  bands 
around  3,430  and  3,350  cm-1  are  obscured  by  the 
more  intense  and  broad  O-H  stretching  band 
(3,500-3,000  cm-1)  of  lattice-bound  water  in  the 


Table  1  Elemental 
analysis  (EA)  data  of 
MWCNT  and  DAB- 
MWCNT 


BDL  below  detection  limit 


Sample  Elemental  analysis 


C(%) 

H(%) 

N  (%) 

O  (%) 

H/C  ratio 

MWCNT 

Calcd. 

100.00 

0.00 

0.00 

0.00 

0 

Found 

97.81 

0.30 

BDL 

0.59 

1/27.4 

DAB-MWCNT 

Calcd. 

84.25 

1.32 

9.17 

5.24 

1/5.4 

Found 

79.17 

1.93 

8.31 

5.67 

1/6.6 

Fig.  1  Functionalization  of  multi-walled  carbon  nanotubes  (MWCNTs)  with  DABA  to  produce  DAB-MWCNT  and  preparation  of 
PNP  on  DAB-MWCNT  (PNP/DAB -MWCNT).  Detailed  mechanism  for  the  synthesis  of  DAB-MWCNT  is  delineated  in  Fig.  SI 
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Fig.  2  a  FT-IR  (KBr  pellet)  spectra,  b  TGA  thermograms  in  DAB -MWCNT,  while  wall-to-wall  interlayer  peak  remains  at 

obtained  with  heating  rate  of  10  °C  min-1  in  air.  c  XRD  26.0°  (d-spacing  =  3.42  A) 

patterns.  Metallic  impurity  peaks  have  completely  disappeared 


KBr,  the  right  shoulder  (Fig.  2b,  sky  blue  oval)  from 
DAB-MWCNTs  should  be  attributed  to  amine  of  the 
N-H  stretching  band  (sky  blue  arrow). 

The  degree  of  functionalization  was  estimated 
using  TGA  in  air  atmosphere.  Since  the  functionali¬ 
zation  is  non-destructive,  the  early  weight  loss  is 
ascribable  to  thermo-oxidative  decomposition  of  DAB 
(C7H7N20,  FW  =  136.06)  moiety.  DAB -MWCNT 
shows  a  two-step  weight  loss  from  ~460  to  800  °C. 
Initial  weight  loss  from  ~ 460-650  °C  was  48  wt%, 
which  is  attributed  to  thermo-oxidative  stripping  of  the 
DAB  moiety  (Fig.  2b).  The  value  agreed  well  with  the 
feed  ratio  of  DAB/MWCNT  (1/1,  wt/wt)  and  near- 
quantitative  yield  of  DAB -MWCNT,  indicating  high 
efficiency  functionalization.  Thus,  the  degree  of 
functionalization  is  estimated  to  be  less  than  8  atom%. 

Furthermore,  the  role  of  the  reaction  medium  and 
morphology  of  DAB -MWCNT  could  be  evaluated 
from  X-ray  diffraction  (XRD)  patterns.  The  XRD 
powder  pattern  from  pristine  MWCNT  shows  the 
presence  of  metallic  impurities  (peaks  marked  with  *), 
while  there  are  no  peaks  for  impurities  in  the  DAB- 
MWCNT  (Fig.  2c).  The  result  suggests  that  the 
reaction  medium  can  purify  and  functionalize 
MWCNT  at  the  same  time.  DAB-MWCNT  shows 
(002)  peak  at  26.00°  (d-spacing  =  3.42  A). 

The  functionalization  could  be  visually  ascertained 
by  scanning  electron  (SEM)  and  transmission  electron 
(TEM)  microscopes.  Pristine  MWCNT  shows  that 
their  surface  is  clean  and  smooth  with  diameters  in  the 
range  of  10  ~  20  nm  (Fig.  3a).  DAB-MWCNT  is 
uniformly  coated  with  DAB  moiety,  and  the  average 
diameter  is  increased  to  about  40  ~  50  nm  (Fig.  3b). 
Magnified  images  clearly  reveal  core-shell  structure 


(Fig.  3c).  The  average  diameter  of  an  inner  core  is 
approximately  20  nm,  and  the  average  thickness  of  an 
outer  shell  is  roughly  15  nm  (Fig.  3c,  inset).  Consid¬ 
ering  the  average  diameter  of  pristine  MWCNT 
(10  ~  20  nm)  and  the  average  thickness  of  DAB 
layer  ( ~  1  nm),  the  increased  thickness  should  be  due 
to  bundling  of  DAB-MWCNT  (Jeon  et  al.  2008) 
because  the  surface  polarity  of  DAB-MWCNT  is 
much  higher  than  that  of  pristine  MWCNT.  The 
enhanced  lateral  interactions  of  DAB-MWCNT  driven 
by  inter-tube  hydrogen  bonding  after  functionalization 
is  strong  enough  to  overcome  the  rigidity  of  MWCNT, 
resulting  in  the  formation  of  DAB-MWCNT  bundles. 
The  result  implies  that  the  uniform  decoration  of 
DAB  onto  the  surface  of  MWCNT  may  be  achieved 
through  “direct”  Friedel-Crafts  acylation  reaction  in 

ppa/p2o5. 

The  morphology  of  DAB-MWCNT  could  be  fur¬ 
ther  assayed  by  TEM.  Again,  the  surface  of  pristine 
MWCNT  is  apparently  clean  and  smooth  (Fig.  4a,  b), 
showing  almost  no  carbonaceous  impurity  deposits. 
On  the  contrary,  DAB  moiety  is  uniformly  populating 
the  surface  of  MWCNT  (Fig.  4c).  Specifically,  the  tip 
of  the  DAB-MWCNT  appears  to  be  more  DAB -coated 
(white  arrow)  because  of  the  possibility  of  sp2  C-H 
defects  at  the  tube  end  being  much  higher  (Charlier 
2002). 

DAB-MWCNT  is  dispersed  well  in  both  acidic  and 
basic  solvents,  e.g.,  MSA  and  NMP,  respectively,  as 
well  as  their  mixtures.  In  addition,  it  is  also  dispersible 
in  alcohol,  probably  because  of  its  enhanced  surface 
polarity.  The  photograph  of  the  DAB-MWCNT  in 
MSA  solutions  demonstrates  its  strong  ability  for 
dispersal  (Fig.  5a,  inset).  These  solutions  were 
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Fig.  3  SEM  images  of 
samples:  a  pristine 
MWCNT.  b  DAB- 
MWCNT.;  c  magnified 
image  of  the  rectangle  area 
in  ( b ).  Inset  is  magnified 
image  from  a  white  square 
in  (c),  showing  core-shell 
structure  of  DAB-MWCNT. 
Scale  bars  are  200  nm 


homogeneous  and  transparent,  while  pristine  MWCNT 
solution  contained  mostly  MWCNT  agglomerates  (not 
shown).  The  DAB-MWCNT  displayed  different  UV- 
absorption  and  emission  behaviors  in  different  sol¬ 
vents.  DAB-MWCNT  in  an  acidic  MSA  solution  had 
an  absorption  maximum  at  365  nm  (Fig.  5a).  The 
absorption  maximum  is  red-shifted  to  373  nm  in  a 
basic  NMP  solution  (Fig.  5b).  Interestingly,  when  a 
few  drops  of  the  DAB-MWCNT  in  MSA  solutions 
were  added  to  pure  NMP,  the  absorption  peak  red- 
shifted  to  404  nm  (Fig.  5a).  The  absorption  maxima 
changes  were  closely  related  to  the  conjugation-length 
changes  of  the  ground  state  in  different  solvents.  In  the 
two  extreme  cases,  namely,  in  NMP  and  MSA 
solutions,  this  is  clearly  determined  by  the  availability 
of  the  nitrogen  lone-pair  electrons  of  the  DAB 
pendants  to  participate  or  not  (Fig.  5c).  In  the  inter¬ 
mediate  case,  the  red-shift  to  404  nm  is  rather 


surprising,  suggesting  even  longer  conjugation  length 
and  the  possibility  of  extension  into  CNT  framework. 
The  emission  maximum  of  DAB-MWCNT  in  MSA 
solution  was  394  nm  with  a  right  shoulder  peak  at 
415  nm  (Fig.  5b).  The  solution  emitted  strong  blue 
light  when  exposed  to  a  hand-held  UV  light  (365  nm) 
(Fig.  5b,  inset).  Similar  to  UV-vis  absorption  behav¬ 
ior,  the  sample  in  NMP  solution  shows  that  the  peak 
red-shifted  and  centered  at  421  nm  with  a  right 
shoulder  peak  at  440  nm  (Fig.  5b).  In  comparing  with 
the  spectrum  of  MSA  solution,  the  peak  maximum  was 
shifted  bathochromically  by  as  much  as  27  nm, 
implying  that  the  electronic  structure  of  the  excited 
state  had  been  affected  by  vastly  different  solvent 
environments.  Surprisingly,  the  solution  prepared  from 
adding  a  few  drops  of  DAB-MWCNT/MSA  solution 
into  pure  NMP  displayed  a  broader  emission  band  with 
peak  at  531  nm  (Fig.  5b),  showing  a  strong  sky  blue 
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Fig.  4  TEM  images  of  samples:  a,  b  pristine  MWCNT.  c  DAB-MWCNT,  showing  uniform  decoration  of  DAB  moiety  onto  the  surface 
of  MWCNT.  d,  e  PNP/DAB -MWCNT.  f  the  particle  size  distribution  of  PNP,  which  is  uniform  in  the  range  of  3-5  nm 


Fig.  5  a  UV-  vis 

absorption,  b  emission 
spectra  of  DAB-MWCNT 
solutions  in  MSA,  NMP,  and 
NMP  with  a  few  drops  of 
MSA  solution.  Inset  in  (a)  is 
photo  of  the  solutions 
without  hand-held  UV  lamp 
and  inset  in  ( b )  is  photo  of 
the  solutions  with  hand-held 
UV  lamp  (365  nm).  The 
excitation  wavelengths  are 
UV-vis  absorption 
maximum  of  each  sample, 
c  proposed  charge  complex 
formation  of  DAB- 
MWCNT  in  MSA  solution, 
d  DAB-MWCNT  thin 
paper.  Scale  bar  is  1  cm 
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fluorescence  (Fig.  5b,  inset).  The  emission  peak  was 
red-shifted  by  as  much  as  137  nm  as  compared  to  the 
spectrum  of  MSA  solution.  Similar  to  the  UV  absorp¬ 
tion  behavior,  significant  red-shifted  emission  maxima 
are  related  to  extended  conjugation  lengths  of  charged 
complexes  in  NMP  (Fig.  5c).  Both  UV-vis  absorption 
and  emission  behaviors  also  strongly  suggest  that 
homogeneous  dispersions  of  DAB-MWCNT  can  be 
achieved  in  organic  solvents  ranging  from  basic  to 
acidic. 

After  homogeneous  dispersion  of  DAB-MWCNT 
in  MSA  had  been  confirmed  spectroscopically,  the 
solution  was  cast  on  a  leveled  Petri  dish  and  the  MSA 
evaporated  to  produce  DAB-MWCNT  thin  paper  as 
described  in  the  ‘Experimental’  section  (Fig.  5d).  The 
electrical  conductivity  of  the  resultant  paper  was 
measured  by  a  standard  four-point  probe  method  under 
laboratory  conditions.  The  average  electrical  conduc¬ 
tivities  of  the  paper  were  280  =b  8  Sm-1,  which  is 
surprisingly  better  than  the  reported  values  for  elas¬ 
tomer-nanotube  thin  films  (Lahiff  et  al.  2006)  or  doped 
MWCNT-conjugated  polymer  films  (Zhou  et  al. 
2008).  These  results  may  be  the  best  obtained  so  far 
for  such  a  simple  strategy,  indicating  that  a  relatively 
high  loading  of  MWCNT  has  led  to  easy  formation  of 
a  conduction  network  in  the  DBA-MWCNT  thin 
paper,  resulting  in  improved  electrical  properties. 

By  having  numerous  ortho-diaminobenzoyl  units 
on  the  surface  of  DAB-MWCNT,  PNP  could  be 
efficiently  immobilized  on  the  surface  of  the  DAB- 
MWCNT  to  produce  a  PNP/DAB-MWCNT  hybrid 
(Mandal  et  al.  2004).  The  DAB  (o-diamine)-platinum 
chelate-type  coordination  bonding  (Koizumi  and  Fu- 
kuju  2010)  is  expected  to  be  stable,  and  thus,  should 
display  an  enhanced  electrochemical  stability.  Since 
PNP  is  aggregate-prone  during  an  electrochemical 
reaction,  the  catalytic  surface  area  is  reduced  (Yano 
et  al.  2006).  If  CNT  could  provide  a  higher  surface 
area  to  uniformly  hold  and  immobilize  PNP,  then 
higher  electrocatalytic  activity  may  be  possible 
(Laviron  1979a,  1979b).  In  this  study,  the  amount  of 
PNP  loaded  determined  by  TGA  analysis  was  found  to 
be  ca.  13  wt%  (Fig.  2b).  The  size  distribution  of  PNP 
is  uniform  and  in  the  range  of  2-5  nm  as  determined 
by  TEM  (Fig.  4d-f).  CV  was  performed  in  N2-  and 
02-saturated,  0.1  M  aqueous  KOH  solutions  in  the 
potential  ranging  from  —1.0  to  0.2  V  versus  Ag/AgCl 
and  with  a  sweep  rate  of  10  mV-s-1.  Hence,  CV  was 
used  to  estimate  the  electrocatalytic  activity  of  the 


modified  electrodes.  For  comparison,  the  CV  curves 
were  recorded  for  DAB-MWCNT  and  PNP/DAB- 
MWCNT  on  GC  electrodes.  DAB-MWCNT  shows  a 
featureless  redox  behavior  in  a  N2-saturated  medium 
(Fig.  6a),  while  a  weak  reduction  peak  at  —2.6  V  in  an 
02-saturated  medium  (Fig.  6b).  PNP/DAB-MWCNT 
hybrid  displays  distinct  reduction  peaks  at  —0.16  and 
—0.14  V  in  both  N2-  and  02-saturated  media,  respec¬ 
tively,  (Fig.  6a,  b).  Compared  to  DAB-MWCNT, 
the  PNP/DAB-MWCNT  hybrid  shows  significantly 
higher  current  and  lower  reduction  potential,  illustrat¬ 
ing  that  the  PNP/DAB-MWCNT  electrode  possesses 
much  higher  electrocatalytic  activity  and  lower  acti¬ 
vation  barrier  for  oxygen  reduction  reaction  (ORR). 
For  reference,  CV  curves  for  commercially  available 
Vulcan  XC-72R  on  GC  electrodes,  which  displays 
higher  current  and  reduction  potential  at  —0.25  and 
—0.27  V,  in  both  N2-  and  02-saturated  media,  respec¬ 
tively,  indicate  that  Vulcan  XC-72R  electrodes  have 
higher  electrocatalytic  activity  and  activation  barrier 
than  the  PNP/DAB-MWCNT  electrodes.  However, 
when  taking  into  account  the  PNP  contents  of  the  PNP/ 
DAB-MWCNT  (13  wt%)  and  Vulcan  XC-72R 
(20  wt%),  electrocatalytic  activities  in  a  N2-saturated 
medium  are  actually  quite  similar  for  both  electrodes 
(Fig.  6c),  the  PNP/DAB-MWCNT  electrode  in  an 
ORR  condition  is  approximately  85%  that  of  Vulcan 
XC-72R  electrodes  after  100  cycles  (Fig.  6d).  The 
current-time  (i-t)  responses  for  the  sample  electrodes 
clearly  demonstrate  current  densities  depending  on 
cycle  times  (Fig.  S2  in  ESI).  Together  with  current 
and  potential  values,  the  overall  performance  of  PNP/ 
DAB-MWCNT  can  be  comparable  with  that  of  the 
optimized  and  commercially  available  Vulcan  XC- 
72R. 

In  order  to  obtain  an  important  electrocatalytic 
parameter  during  the  ORR  process,  the  reaction 
kinetics  were  investigated  by  rotating  disk  voltamme¬ 
try  (Fig.  7a).  The  voltammetric  profiles  showed  that 
the  current  density  was  increased  by  increasing 
rotating  rate.  The  onset  potential  of  PNP/DAB- 
MWCNT/GC  for  ORR  was  about  -0.12  V,  which 
is  close  to  that  identified  from  CV  measure¬ 
ments  (Fig.  6b).  The  corresponding  Koutecky-Levich 
curves  at  different  electrode  potentials  revealed  par¬ 
allel  plots  with  a  good  linearity  (Fig.  7b),  which  are 
often  taken  as  an  indication  of  first-order  reaction 
kinetics  with  respect  to  the  concentration  of  dissolved 
02  (Bard  and  Faulkner  2001).  The  kinetic  parameters 
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Fig.  6  CV  curves  of  DAB- 
MWCNT/GC,  PNP/DAB- 
MWCNT/GC,  and  Vulcan 
XC-72R/GC  electrodes  in 
0.1  M  aqueous  KOH 
solution  with  a  scan  rate  of 
10  mVs'1:  a  N2-saturated 
medium,  b  02- saturated 
medium,  c  Electrochemical 
stability  measurements  of 
sample  electrodes  by  means 
of  sequential  CV  in 
N2- saturated  medium, 
d  02- saturated  medium 


Potential  (V  vs,  Ag/AgCI) 


£ 

a  1 

E 


2 

S-* 

-3 


DAB-MWCNT 
PNP/DAB-MWCNT 

Vulcan  XC-72R 


■1,0  -0,8  -0.6  -0.4  -0,2  0,0  0,2 

Potential  (V  vs.  Ag/AgCI) 


Cycle  Number 


Cycle  Number 


Potential  (V  vs.  Ag/AgCI) 


aia  (rpm)'1'2 


Fig.  7  a  Rotating  disk  electrode  (RDE)  voltammograms  of 
PNP/DAB-MWCNT/GC  electrodes  in  an  02-saturated  0.1  M 
aq.  KOH  solution  with  at  different  rotate  rates  of  600,  800, 


1,200,  1,600,  and  2,000  rpm.  b  Koutecky-Levich  plots  of  the 
PNP/DAB-MWCNT  derived  from  RDE  measurements  at 
different  electrode  potentials 


can  be  analyzed  on  the  basis  of  the  Koutecky-Levich 
equation  (Tammeveski  et  al.  1997).  The  transferred 
electron  numbers  per  oxygen  molecule  involved  in  the 
oxygen  reduction  are  3.94,  3.91,  and  3.89  at  —0.4, 
—0.5,  and  —0.6  V,  respectively,  suggesting  that  the 
PNP/DAB-MWCNT  leads  to  an  efficient  four-elec¬ 
tron  transfer  in  ORR  process. 

Conclusions 

MWCNT  was  functionalized  with  DAB  A  via  a 
“direct”  Friedel-Crafts  acylation  in  a  mildly  acidic 


PPA/P205  medium.  The  resultant  DAB-MWCNT  was 
thoroughly  characterized  with  EA,  FT-IR,  UV-vis, 
TGA,  XRD,  SEM,  and  TEM.  The  results  showed  that 
DAB  moiety  was  introduced  well  onto  the  surface  of 
DAB-MWCNT.  In  addition,  XRD  results  showed  that 
persisting  metallic  impurities  in  pristine  MWCNT 
were  mostly  removed  at  the  same  time.  The  resultant 
DAB-MWCNT  was  used  to  support  PNP  to  prepare  a 
PNP/DAB-MWCNT  hybrid,  which  was  characterized, 
and  an  efficient  deposition  of  PNP  on  DAB-MWCNT 
was  confirmed.  The  morphology  of  the  PNP/MB- 
MWCNT  hybrid  was  studied  with  SEM  and  TEM, 
showing  that  PNP  were  uniformly  distributed  on  the 
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surface  of  DAB-MWCNT.  Compared  to  DAB- 
MWCNT,  the  PNP/DAB-MWCNT  hybrid  displayed 
distinct  redox  peaks  with  much  higher  electrocatalytic 
activity  and  lower  activation  barrier.  The  results 
suggest  a  new  design  of  PNP/MWCNT-based  elect¬ 
rocatalysts  for  energy  conversion  applications. 
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